Titanium oxide (TiO 2 ) powders with equal specific surface area but with different crystalline phase (rutile and anatase) were modified with Fe using FeCl 3 or Fe(acac) 3 with two modification techniques: metal cluster grafting (MCG) and chemisorption calcination cycle (CCC). Then, visible-light photocatalytic activity of the obtained powders was evaluated by the decomposition of gaseous 2-propanol (IPA). The modified powders possessed almost identical morphology and specific surface area. Visible light photocatalytic activity was increased remarkably by the Fe-modified rutile-phase TiO 2 prepared using both techniques. The photocatalytic activity, action spectra, and the binding energy shift of oxygen suggest that these two techniques provide different mechanisms for visible light photocatalytic activity.
Introduction
Titanium dioxide (TiO 2 ) is well known as a photocatalyst material. 1) When ultraviolet (UV) light is illuminated onto a TiO 2 surface, electron and hole pairs are generated. The pairs can be transferred easily to electron and hole acceptors on the surface, producing radical species such as OH radical and H 2 O 2 . These radicals can decompose most organic compounds and bacteria.
2)6) To date, various studies have examined the application of TiO 2 to water and air purification or antibacterial treatment.
Because of its band gap, TiO 2 requires UV with less than ca. 400 nm wavelength, which is less than 5% under solar light, for a photocatalytic reaction. To narrow the band gap, various cations and anions have been doped into TiO 2 .
7)14) Nevertheless, such doping commonly produces recombination centers for the photogenerated electrons and holes, thereby decreasing their overall photocatalytic activity. Consequently, doping did not provide a photocatalyst with sufficient efficiency for practical use under visible light.
Recently, Irie et al. reported grafting of Cu(II) ions onto TiO 2 as an effective approach to improve TiO 2 sensitivity to visible light by the interfacial charge transfer (IFCT) mechanism. 15), 16) For their studies, they prepared this catalyst merely by soaking TiO 2 into a CuCl 2 solution and then drying it. They reported that the grafted metal species has a distorted metal oxide cluster. 16) Hereinafter in this report, the process is designated as metal cluster grafting (MCG). In this catalyst, the charge transfer from VB of TiO 2 to Cu(II) ions on the surface, not via the excited state, is feasible by visible light (ca. 450 nm) because of the redox potential of Cu(II)/Cu(I) (0.30.5 V vs. SHE). Photogenerated holes in VB of TiO 2 oxidize organic compounds with their oxidation power, whereas the produced Cu(I) reduce the adsorbed O 2 by a multielectron process. Additional investigations have revealed that IFCT is more effective for rutile than anatase. 17) A similar effect was reported for Fe(III) ion grafting onto TiO 2 through the redox of Fe(III)/Fe(II).
18)
Tada et al. provided visible light photocatalytic activity to TiO 2 by grafting FeO x onto TiO 2 using the chemisorptioncalcination cycle (CCC) technique, by which metal complexes are adsorbed onto the surface of TiO 2 and the organic (ligand) part is oxidized by post-heating to prepare metal oxide clusters. 19) They used P-25 (anatase/rutile = 4/1 w/w) as a TiO 2 source, and proposed that electronic excitation from the surface d sub-band, yielded by mixing between the surface Fe(III) levels and O2p by the TiO Fe interfacial bond to CB of TiO 2 , plays an important role for visible light photocatalytic activity. Although both cases used Fe as a modification element and suggested Fe-cluster formation on the surface of TiO 2 , different mechanisms were proposed. These investigations were conducted using different TiO 2 sources and modification processes. For this study, we prepared Femodified TiO 2 using MCG and CCC following procedures described in previous reports 18) , 19) using the same TiO 2 powder. Then, photocatalytic decomposition activity was evaluated using gaseous 2-propanol (IPA) under visible light. The role of Fe modification for these cases was discussed.
Experimental
For this study, we used commercial TiO 2 powders (rutile; MT150A, Tayca Corp., Osaka, Japan: anatase; ST-01, Ishihara Sangyo Kaisha, Ltd. Mie, Japan) as starting materials. Calcination in ambient air at 600°C (MT150A) or 650°C (ST-01) for 1 h provides rutile or anatase single-phase powder with almost identical specific surface area (around 35 m 2 /g). The calcined powders were used for Fe modification.
Reagent grade iron chloride (FeCl 3 ·6H 2 O; Wako Pure Chemical Industries Ltd., Osaka, Japan) was dissolved into distilled water (10 mL) at 90°C. Then rutile or anatase powders were added to the Fe solution (Fe/TiO 2 = 0.03 or 0.05 mass %); they were stirred for 1 h. The powder was filtered and washed several times with distilled water. Then Fe-modified TiO 2 powder by MCG was obtained after drying at 100°C for 24 h. These samples are denoted as An(or Ru)-M1 or M2 (M1 and M2 respectively correspond to 0.03 and 0.05 mass % solution) in this report.
Reagent grade iron acetylacetonate [Fe(C 5 H 8 O 2 ) 3 , Fe(acac) 3 ; Strem Chemicals Inc., MA, USA] was dissolved into ethanol/ hexane (3:17 v/v) mixture solvent (100 mL, 0.65 mM) at room temperature. After rutile or anatase powders (1 g) were added to the solution, they were allowed to stand for 24 h. The resulting samples were washed repeatedly using the same solvent and were then dried at 100°C for 24 h, followed by heating in air at 500°C for 1 h in ambient air. These procedures were conducted once (C1) or two times (C2) to change the Fe loading amount. These TiO 2 powders that were Fe-modified by CCC are designated in this report as An(or Ru)-C1 or An(or Ru)-C2.
The crystalline phase was evaluated using X-ray diffraction (XRD; XRD-6100, Shimadzu Corp., Japan). Using a UVvis scanning spectrophotometer (V-660; Jasco Corp., Tokyo, Japan), the UVvis absorption spectra were evaluated. Powder morphology was observed using a field-emission scanning electron microscope (JSM-7500F; JEOL Ltd., Tokyo Japan) and a transmission electron microscope (JEM-2010F; JEOL Ltd., Tokyo Japan) equipped with EDS (Genesis, EDAX Inc., Mahwah, NJ U.S.A.). The surface chemical composition and element binding energy were measured using X-ray photoelectron spectroscopy (XPS, ESCA 5500MT; PerkinElmer Inc., U.S.A.) with an Al K¡ X-ray line (1486.6 eV). Specific surface areas were measured using BrunauerEmmettTeller (BET) method with N 2 (BEL SORP mini; Bel Japan Inc., Japan).
The photocatalytic activity was evaluated according to the decomposition of gaseous IPA. The sample TiO 2 powder (40 mg) was set at the center of a quartz vessel (500 mL in volume) in an area of 8.35 cm 2 . Before evaluation, UV pre-illumination (1 mW/cm 2 at 365 nm) onto the sample TiO 2 powder was conducted for one night. Subsequently, the vessel was sealed. Then IPA gas (300 ppm) was injected into it. The vessel was kept in the dark for one night to achieve the adsorption equilibrium. Subsequently, visible light illumination (42,000 Lux) was produced using a Xe lamp with an L-42 filter [absorbed light < 420 nm (50% transmittance); Asahi Glass Co. Ltd., Japan] to create a large amount of light within the wavelength range that is feasible for excitation. The concentrations of IPA and CO 2 were measured every 2 h using a gas chromatograph (GC-2014; Shimadzu Corp., Tokyo, Japan) equipped with a flame ionization detector (FID). Action spectra was also measured for this reaction (initial IPA concentration: 200 ppm) using a monochromator (wavelength dispersion from the center one was approximately «50 nm.) at 450, 500, and 550 nm.
Results and discussion
The specific surface areas of all these powders were almost equivalent (3338 m 2 /g). No specific crystalline phase except rutile or anatase was identified from samples using XRD. Figure 1 shows SEM images of TiO 2 before and after Femodification. Both anatase and rutile samples have spherical morphology with 50 nm average particle diameter. However, Feclusters were not observed using SEM in the microstructure after Fe-modification. Using TEM, we were able to identify them on the TiO 2 surface modified by MCG (Fig. 2) . Their size was around 35 nm, which corresponds to the recent report by Miyauchi et al. 20) The signal of Cu in the EDS spectra of Fig. 2 is that from the sample mesh used for this observation. Nevertheless, we were unable to identify the Fe-clusters clearly on the TiO 2 surface modified by CCC, as was done in a previous study by Tada et al., 19) probably because of the extremely small size. These results imply that the Fe-cluster size and morphology differ between CCC and MCG. Figure 3 presents UVVis spectra of the obtained powders. New light absorption (370640 nm) by Fe modification was attributed to the dd transition and to the electronic transition between Fe-clusters and TiO 2 .
18),19),21) XPS analysis revealed the surface atomic ratios (%) of Fe against Ti [Fe/(Fe+Ti)] for the samples as 3.1(An-C1), 2.4(An-C2), 1.6(An-M1), 3.9(An-M2), 2.0(Ru-C1), 4.6(Ru-C2), <1(Ru-M1), and 1.3(Ru-M2). Although Fe concentrations for An-C1 and An-C2 are reversed, for reasons that remain unclear, the samples from the 0.05 mass % solution (An-M2, and Ru-M2) and twice-coated sample (Ru-C2) provide high Fe concentration on the surface. Figure 4 presents the concentration change of IPA and CO 2 against the light illumination time. The C 0 in the y-axis of the figure denotes the initial IPA concentration before light illumination. The slight decrease of IPA for pure anatase and rutile is expected to be attributable to the small amount of light leakage through the long-pass (L-42) filter. The Fe-modified anatase The CO 2 generation rates of Ru-C1 (3.6 ppm/h) and Ru-C2 (4.0 ppm/h) are lower than those of Ru-M1 (4.5 ppm/h) and Ru-M2 (15.2 ppm/h) despite higher surface Fe concentration. This rate was calculated in the linear range (06 h) of the relation between the CO 2 concentration and the illumination time.
Actually, Ru-C2 exhibits a higher IPA decomposition rate and a higher CO 2 generation rate than those of Ru-C1. Therefore, excess grafting and a resultant decrease of oxidation sites on the surface should not be the main reason for this trend. A plausible explanation for the difference among rutile-based samples is the rise in the top of the surface d sub-band leading to decreased oxidation power of the holes for the samples from CCC. It is noteworthy that Ru-C2 shows a higher IPA decomposition rate than Ru-M1, although its CO 2 generation rates are lower than that of Ru-M1. These results suggest a difference of photocatalytic decomposition mechanisms between samples processed using CCC and using MCG.
The results of action spectra also support this inference (Fig. 5) . This measurement was conducted of Ru-M1 and Ru-C1 samples. The thresholds of the activity for Ru-C1 by CCC are longer than those of Ru-M1 by MCG (see inset, Fig. 5 ). This result suggests that the absorption band ranges differ between Ru-C1 and Ru-M1. Figure 6 shows XPS spectra of the binding energy of O2p, VB of the samples. Emission from the O2p extends from 2 to 9 eV. Detailed inspection of the VB top (inset in Fig. 6 ) shows its decrease concomitantly with increasing surface Fe concentration for C1 and C2 samples, which corresponds to a band-gap decrease with surface modification. This trend is obtainable from both anatase and rutile, suggesting effective mixing between the surface Fe(III) levels and O2p by formation of a TiOFe interfacial bond yielding a surface d sub-band, which disperses around the energy level to overlap with the VB of TiO 2 proposed by Tada et al. 19) However, such a VB top change was not detected in M1 and M2 samples. The new absorption by Fe modification for these samples can be attributed to the IFCT from the VB of TiO 2 to the Fe(III) ions. These samples were not fired but merely dried after soaking in a FeCl 3 solution. Therefore, Fe(III) ions in the form of FeO(OH)-like clusters are merely attached onto the TiO 2 surface. 16) In this IFCT mechanism, photogenerated electrons are transferred directly to Fe(III) ions, producing Fe(II) ions capable of reducing oxygen by multielectron reduction processes, 22) ,23) whereas photogenerated holes remain in the VB of TiO 2 and oxidize organic compounds such as IPA. The suggested mechanism difference in modified Fe clusters between MCG and CCC is presented schematically in Fig. 7 .
The KM function of UVVis spectra revealed that the band-gap of starting materials was 3.00 eV (rutile) and 3.19 eV (anatase). Because of the smaller initial band-gap, Fe modification by both methods is expected to more effective for rutile than for anatase. However, despite being the same element (Fe), differences in the modification process engender different mechanisms for photocatalytic activity under visible light. Based on the expected mechanism, it was inferred that not only the oxidation power, but also the entire reaction yield might differ among samples according to these processes. Such differences are expected to affect the rate difference in IPA decomposition and CO 2 generation because the reported photocatalytic decomposition pathway of gaseous IPA includes several reaction steps. 24) , 25) Detailed analysis of the relation between characteristics of Fe-modified TiO 2 and the decomposition performance of various organic compounds will be undertaken in future work.
Conclusions
For this study, we modified anatase and rutile with different Femodification processes and evaluated visible light photocatalytic activity by the decomposition of gaseous IPA to CO 2 . The modified rutile powders exhibited high visible light photocatalytic activity. The binding energy of O2p by XPS analysis revealed that the VB top of the samples prepared from CCC decreases concomitantly with increasing Fe concentration. Results suggest that a difference in modification process engenders different mechanisms of photocatalytic activity for Fe-modified TiO 2 under visible light. Journal of the Ceramic Society of Japan 124 [7] 781-786 2016 JCS-Japan
